Asymmetric Positron Annihilation in Chiral Tartrate and Tartaric Acid Crystals by Corsiglia, Gerald A.
ASYMMETRIC POSITRON ANNIHILATION IN CHIRAL TARTRATE AND 
TARTARIC ACID CRYSTALS 
 
 
 
 
A THESIS IN  
Chemistry 
Presented to the Faculty of the University  
of Missouri-Kansas City in partial fulfillment of 
 the requirements for the degree 
 
MASTER OF SCIENCE 
 
 
 
 
 
 
 
 
by 
GERALD AUGUST CORSIGLIA 
 
 
B.S., University of Missouri-Kansas City, 2013 
 
 
 
 
 
 
 
Kansas City, Missouri 
2015
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2015 
GERALD AUGUST CORSIGLIA 
ALL RIGHTS RESERVED 
 
 
 
 
iii 
 
ASYMMETRIC POSITRON ANNIHILATION IN CHIRAL TARTRATE AND 
TARTARIC ACID CRYSTALS 
 
 
Gerald August Corsiglia, Candidate for the Master of Science Degree 
 
University of Missouri-Kansas City, 2015 
 
 
 
ABSTRACT 
 
 
 
 Positron annihilation lifetime spectroscopy (PALS) has been used to study the 
interactions of positrons with chiral tartaric acids and tartrates. Differences in lifetimes of    
and its intensity I2 were compared between large crystals grown from the D- and L- 
enantiomers of sodium ammonium tartrate and tartaric acid. A tentative but statistical 
difference in    and I2 between enantiomers is noted with the L- enantiomers exhibiting 
longer positronium lifetimes and lower intensities, signifying a more stable environment for 
the positron and positronium. Possible implications for the dominance of L-amino acids in 
living matter are discussed. 
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CHAPTER 1 
INTRODUCTION 
 
1.1. Chirality 
 
1.1.1. Introduction 
 Chirality is a physical property that objects exhibit when they are non-superimposable 
with their mirror image. An object is chiral if it is distinguishable from its mirror image. An 
object is not chiral if it is identical to its mirror image. Two objects that are chiral (mirror 
images) are called enantiomorphs. Solutions of molecules that are chiral rotate plane 
polarized light: light which is rotated clockwise from the observer‟s point of view is labeled 
with a (+) designation while the opposite is (-). If there is an equimolar (racemic) mixture of 
left and right handed molecules in a solution, the net effect will be zero optical rotation. The 
chirality, or handedness, of matter and energy in the universe is ubiquitous. The amino acids 
that make up peptides in every living thing on earth, some subatomic particles, as well as the 
nucleus of an atom can be chiral.
1-2
 
Louis Pasteur discovered molecular chirality in 1848 by observing that a racemic 
solution of D- and L- tartrate salts resolve into two different crystal forms with faces that 
mirrored each other (Fig 1.1). When the crystals were separated and dissolved, the solutions 
from the two different crystals rotate plane polarized light in an opposite sense.
3-4
 Although 
there is no relationship between the L-/D- and (+)/(-) designations, it has been shown that 
amino acids are essentially exclusively left (L-) handed. The Fischer projection  
2 
 
 
 
Figure 1.1.  The handedness in L- and D- tartaric acid is reflected in their crystalline 
structures. The asterisk shows the structural difference used to distinguish D and L. 
 
 
 
used in Fig 2 denotes the difference in L-/D- enantiomers of tartaric acid, with the 
distinguishing (penultimate) carbon being on the bottom chiral carbon. This discovery has 
had its greatest impact in recent years on pharmacology and has applications in technology as 
biosensors and molecular machinery.
5-6
 
 
 1.1.2. Homochirality of Life 
Many biological molecules show a preference for maximal optical activity 
(„homochirality‟). Handedness in nature is useful for structure recognition and complexity 
but it is unknown precisely why there exists a preference for (left-handed) L-amino acids and 
(right-handed) D-sugars over their mirrored counterparts. The origin of biological 
homochirality is also unknown but has become a rich research area. Some amino acids have 
been discovered in enantiomeric excess in meteorites, and theoretical calculations show that 
left-handed amino acids have a very small energy difference when compared to their right-  
L-tartaric acid D-tartaric acid 
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Figure 1.2.  Three possible configurations of tartaric acid:  meso is optically inactive, L-(+)-
tartaric acid is optically active and rotates plane polarized light clockwise (+) and its mirror 
image counterclockwise (-). 
 
 
 
handed mirror images. Several chiral amplification processes are known to exist, and if 
asymmetric deterministic forces in the universe such as the nuclear weak force could induce 
small enantiomeric excesses, then an amplification mechanism could lend support for the 
origin of homochirality.
7-12
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1.2. Crystallization of Tartaric Acids 
 
1.2.1. Crystallization Techniques 
 A solvent evaporation method was used for all crystallizations. Large sodium 
ammonium tartrate crystals were crystallized from double-deionized (DDI) water while the 
hydrous and anhydrous tartaric acid (TA) enantiomers were crystallized from an acetone and 
water solvent pair. Sodium ammonium tartrates crystallization times ranged from one to five 
days while TA ranged from three to six weeks. It is important to note that experimental 
techniques and experience cut down on crystallization times of TA considerably. For 
example, a fast evaporation of one saturated TA solution to induce multiple nucleation sites 
was useful for creating “seed” crystals that could be added to a second saturated solution 
under much slower evaporation conditions. Visible crystal defects, nucleation, and twinning 
were reduced by introducing a small amount of additional solvent at any point to slow or 
temporarily reverse crystallization. 
Crystallization of the organic acids is a longer, slower process than that of salts. 
Difficulty in crystallizing chiral organic acids is amplified due to the lack of a center of 
inversion in the TA molecules. Many different conditions were tried but the most successful 
was slow evaporation with a cover over the solutions and the addition of a seed crystal to 
prevent over-saturation and multiple nucleation sites.
13-15
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1.2.2. Application of PALS 
The established theme in the Positron Science laboratory at UMKC is the use of 
Positron Annihilation Lifetime Spectroscopy (PALS) to characterize materials based on free 
volume hole size and respective distributions.
16
 PALS is a form of coincidence timing that 
measures the lifetimes of positronium by using a start event (gamma ray released during beta 
decay) and stop event (gamma rays released by positron annihilation) to gather information 
about the microstructural defects in materials. Positronium is the atom-like, electrostatically 
bound state of an electron and positron that is highly sensitive to the environment in which it 
annihilates.
17
 The lifetime of some positrons is proportional to the size of the hole it 
annihilates within, and different structural defects can be quantified.
18
 It is proposed that 
PALS is also technique capable of differentiating enantiomers in their crystalline forms via 
asymmetric interactions between the helical positrons, chiral crystal lattice structures, and/or 
parity violating forces. 
 
 
 
Figure 1.3.  Effect of pore size on annihilation rate of positronium. Smaller voids effectively 
“squeeze” positronium and force it to annihilate sooner.  
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Annihilation events in materials under PALS are represented as lifetimes with their 
respective intensities. Lifetimes and intensities are labeled as τn and In with n representing the 
number of reported lifetimes (τ₁, τ₂, etc…). Positronium can annihilate with an electron in 
two ways depending on the relative spins: parallel spin (  ) known as ortho-positronium (o-
Ps) and anti-parallel (  ) known as para-positronium (p-Ps). The τ₁ lifetime correlates to 
direct para-positronium annihilation events and is therefore not a source of useful 
information about voids or defects. Lifetimes of τ₂ are of ortho-positronium and contain 
information about microstructural defects while τ₃ and beyond usually represent structural 
defects or large voids. 
 
1.2.3. Positron and Positronium Chemistry 
The anti-electron, or positron, was the first anti-particle discovered after its existence 
was first posited by Paul Dirac in 1930.
19
 Positron annihilation techniques have been used for 
decades to probe the electronic structures and surface properties of materials. Early 
experiments with positrons provided ways to help solidify theories in physics regarding 
conservation of momentum and energy.
18
 It was discovered shortly after this that positrons 
are sensitive to crystal lattice structures and that positron lifetimes could be correlated to void 
sizes present in materials. Zeolites were some of the first materials used to study structural 
defects because of their well-defined pore-size distributions.
20
 Characterization of 
semiconductors and polymers has been the main conduit for research over the past thirty 
years. Recently, studies of structural polymer dynamics, quality control in the commercial 
applications of paint coatings, and biological tissues have been expanding on what is possible 
to study with positron chemistry.
21-24
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Positrons are easily produced from radioactive nuclides such as 
22
Na through beta 
decay. This specific type of beta decay is called beta plus (β+) decay and reduces the number 
of protons in the nucleus by one and emits a gamma ray, electron neutrino, and positron in 
order to conserve charge and momentum: 
 
22
Na  
         
→         22Ne + e+ + νe +      (1) 
 
Positrons have precisely the same mass and spin as an electron but opposite charge 
and magnetic moment. Annihilation occurs when a positron and electron collide, releasing 
gamma ray photons. This process is called positron annihilation and the energy converted 
from the e
+
e
-
 pair into gamma rays follows Einstein‟s famous equation E = mc2. The energy 
equivalent of the total positron + electron rest mass is emitted as two or more photons. The 
number of photons released by annihilation can vary but most commonly occurs via two 
photon decay and depends on conservation of angular momentum and energy. When a 
positron annihilates with an electron of antiparallel spin (  ) two photons are released in 
opposite directions. If a positron annihilates with an electron with a parallel spin (  ) three 
photons are emitted. Positron annihilation and thermalization characteristics depend on the 
physical and chemical properties of the materials that the positron interacts with.  
A positron may electrostatically bind to an electron in an atom-like state called 
positronium (Ps) before annihilation. Ps has the equivalent quantum mechanical description 
to hydrogen atom and a ground state binding energy exactly half that of hydrogen. As above, 
Ps can exist in two spin states. The para-positronium (p-Ps) with its antiparallel spins (  ), is 
in a singlet state 
1
S0, has a lifetime of 125.5 ps in vacuum, and emits two photons upon 
8 
 
annihilation. Ortho-positronium (o-Ps) has parallel spins (  ), and is in a triplet state 3S0, has 
a lifetime of 142 ns in free space, and emits three photons upon annihilation. When 
annihilation occurs in a material with a large pore size, the lifetime of o-Ps becomes closer to 
that in a vacuum. The lifetime of o-Ps is proportional to the size of the pore structure it 
annihilates in, hence the “squeeze” effect. In highly condensed matter with very few defects, 
the lifetimes of o-Ps can be as low as on the order of nanoseconds due to the constrained 
environment. Once Ps forms it is usually of the o-Ps form which has the longer lived state 
that can move to voids. Once the o-Ps localizes in a void, statistical collisions with the walls 
of the vacancy can reduce the lifetimes by increasing the likelihood of electrons near the 
walls annihilating with the positron in a mechanism known as “pick-off annihilation” (Fig 
1.5). During this process o-Ps forms inside of a material but annihilates with a second anti-
parallel spin electron (either from the conduction band or a lattice atom) before the original 
Ps can collapse, releasing two gamma photons instead of three. Because of this, the majority 
of annihilation events release two 511 keV gamma rays. 
Another aspect of positron behavior has to do with the longer lifetime of o-Ps in a 
vacuum over a bulk medium. Positrons have a negative work function in most materials 
which means that it is energetically favorable for a positron to be in a vacuum rather than a 
void. This effect causes o-Ps to prefer areas in a material with reduced density or to escape 
the material altogether if possible (back-scattering). Because of this the lifetime of o-Ps is 
highly correlated to the size of the low density area in which it annihilates. A faster pick-off  
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Figure 1.4.  Scheme for beta decay: implantation and thermalization, formation of 
positronium, pick-off annihilation and release of two 511 keV gamma rays. Entire process 
takes less than 142 nanoseconds. 
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rate is thus a consequence of the Ps wave function overlap with the surrounding electron‟s 
wave function.  
When it comes to the physical interaction with a surface and bulk of a material, 
positrons may exhibit many different forms of annihilation which could contain as many as 
eight unique lifetimes.
17
 The shortest of these lifetimes are associated with p-Ps and direct 
annihilations and are beyond the resolving power of current technology however. The main 
modes of annihilations are associated with e
+
/Ps back-scattering, p-Ps, free annihilations, and 
o-Ps formation within the bulk. For PALS analysis all but the free annihilations and o-Ps 
events will be ignored. 
 
1.3. Positron and Positronium Related to Chirality 
 
1.3.1. Parity Violation in Nuclear Decay 
Parity in physics is the symmetrical transformation of some phenomenon or 
interaction into its spatial reflection. An example would be flipping the (x, y, z) Cartesian 
coordinates into its (-x, -y, -z) reflections, resulting in an operation that gives an identical 
object back. This is highly similar to the definitions of chirality given previously but differs 
when dealing with interactions between matter and energy. When parity is conserved it 
means the two interactions are symmetric or achiral if it is a classically physical object. All 
of the fundamental forces of nature obey parity with the exception of the nuclear weak force. 
 
 
11 
 
 
 
 
Figure 1.5.  Parity violation leads to polarized positrons emitted from 
22
Na nuclei with a net 
right-handed helicity. 
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Parity violation in the weak force was first proposed by Lee and Yang in 1956 and 
later tested and verified in 1957 by Wu, et al. in the beta decay of cobalt-60.
25-26
 An example 
of this parity violation is given in Fig 1.4 where a sample of a sodium-22 atoms decay to 
release a majority of positrons in the direction opposite of the nuclei‟s spin with a positive 
right-handed helicity. Helicity is a particle‟s equivalent to chirality with the exception that all 
but massless particles have their chirality dependent upon the magnetic field or direction they 
are traveling. Parity violation led to the conclusion that the universe is not symmetric and that 
perhaps chiral interactions between matter and energy have other macroscopic effects in the 
universe which can be measured.  
 
1.3.2. Hypotheses for Chiral Interactions 
Two hypotheses will be discussed: The first is based on an asymmetric interaction 
between the helical polarized positrons emitted from radioactive nuclei and the chiral 
structure of the crystal lattice, and the second is an asymmetric local spin-spin interactions 
between the ortho-positronium (o-Ps) and surrounding atomic nuclei and electrons in the 
crystal lattice structure. 
When a particle is polarized and traveling at a certain velocity it is said to have 
helicity due to the intrinsic spin of the particle and its direction of motion. This helicity, 
relative to the material it interacts with, is a form of chirality. Interactions between helical 
polarized positrons and a chiral crystal lattice is a complicated set of interactions which may 
or may not involve parity violating forces. A possibility is the interaction between polarized 
Bremsstrahlung radiation produced by the positrons “braking”, or thermalizing in a material, 
and the chiral environment within the crystal lattice. Another is that some net polarization of 
13 
 
the positrons themselves may be retained upon thermalization and interact differently inside 
the crystal lattice. The basis for asymmetry between enantiomers has been theoretically 
explored in the literature previously but calculations for the interactions with positrons have 
not. 
A theoretical framework for the interactions with matter can be expressed in terms of 
energies. If positrons or other particles are interacting differently with chiral crystalline 
enantiomers in some manner, there are two known theoretical explanations. The first is a 
representation of the first hypothesis given where the wavefunction of positronium and/or 
secondary effects (Bremsstrahlung radiation) fit asymmetrically into the two enantiomer‟s 
potential energy surface. This can be represented visually as a diagram of even versus odd 
wavefunction interactions with the potential energy surface where positronium annihilates in 
the crystal lattice (Fig 1.5). 
 
 
 
Figure 1.6.  Depending on the wavefunction, an asymmetric interaction may result from 
constrained probabilities within the potential wells that exist in the crystal lattice. 
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This type of asymmetry can be demonstrated in a simple ammonia molecule (Fig 
1.6). Classically, in its ground state, ammonia cannot overcome the repulsive forces between 
the nuclei of the nitrogen and hydrogens to invert itself into the other configuration. This 
should confine the nitrogen into one well or the other.  It is known however that ammonia 
has two possible states because it has a non-zero chance of tunneling through the repulsive 
zone. Since each configuration is energetically identical they are degenerate and the linear 
summation of these possible energy states reveals symmetry. It should be noted that this 
requires no violation of fundamental forces. 
 
 
 
Figure 1.7.  Summation of potential energy wells reveals symmetry. 
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The twisting of plane polarized light in optically active enantiomers is also an 
example of this. The configurations are energetically equal but opposite: light is rotated the 
exact same amount but in opposite directions for each enantiomer. It is expected that if a 
positron‟s helicity is responsible for the interaction with a chiral crystal lattice structure, this 
will be the type of interaction responsible. This type of interaction has however been in doubt 
since it was first proposed because positrons should not exhibit helicity once they thermalize 
in the bulk of a material
27
. The possibility of circularly polarized Bremsstrahlung radiation 
being a source of chiral selection was also put into doubt because of the small amount of 
energy contained in the photons released during this process.
28
 
The second is based on the Vester-Ulbricht hypothesis which speculates that 
asymmetric forces such as parity violation in the nuclear weak force are responsible for slight 
differences in half-lives of biological molecules.
29-30
 Theoretical quantum mechanical 
calculations have shown that there is a small energy difference between enantiomers due to 
parity violation of the weak nuclear force.
11-12
 The net helicity that beta particles exhibit 
when emitted from nuclei is also a consequence of parity violation.
31
 
  
 
 
Figure. 1.8. Uneven potential wells would be representative of parity violation. 
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 Parity violation would take place with uneven potential wells (Fig 1.7). This would 
imply that there is a bias to form in one well over another no matter how the wavefunction 
distributes itself. 
Recently a 5% contraction of up-spin electrons compared with down-spin electrons in 
di-azido copper crystal complexes were discovered experimentally for the first time and 
could lend more evidence to this second hypothesis.
32
 Since the majority of ortho-
positronium results in the pick-off annihilation of opposite spin electrons, asymmetric 
distributions of up and down spin electrons in enantiomers would be a plausible explanation 
for the origins of homochirality. A 5% contraction of up-spin electrons in the valence band of 
a crystal lattice overlapping with the wave function of the positronium atom could also 
represent the amplification mechanism necessary to explain the possible detection of such a 
small energy difference between enantiomers.  
 
1.3.3 Previous Research 
There have been a number of experiments with beta radiation to observe asymmetric 
interactions with chiral materials. This remains a controversial research area because of the 
weak or inconsistent relationships that have been theoretically and experimentally 
researched. Early work by Vester and Ulbricht from 1959-1962 attempted to observe whether 
optical rotation was induced in chemical reactions exposed to beta radiation but only one 
experiment resulted in a detectable optical rotation.
29-30
 In 1977, Jean and Ache performed 
PALS analysis of six different chiral organic molecules in solution and solid phase at various 
temperatures with no observed differences in τ₁ and τ₂ lifetimes and I₁ and I₂ intensities, 
between enantiomers.
33
 Experiments in the 1980s attempted to see if positrons could induce 
17 
 
an enantiomeric excess in amino acids via radiolysis but results were indeterminate with 
differences too small for the precision of the instruments to quantify.
8-10
 In 2001-2003, 
attempts by Mahurin, et al. to induce dominant chiral crystal growth from evaporating an 
achiral solution of sodium chlorate showed some preference for (+) crystals while Sullivan, 
et al., utilized a similar theme with molten crystallizations of 1,1‟-binaphthyl and 4,4‟-
dimethylchalcone. These resulted in no statistical preference of one chiral crystal form over 
another.
34-35
 In 2012, cross-sectional measurements for positron scattering in gas-phase, 
chiral enantiomers of methyl-2-chloropropionate resulted in no measurable differences.
36
 Of 
more interest recently, Dreiling and Gay saw strong results in the dissociation of chiral 
bromocamphor molecules depending on the helicity and energy of longitudinally polarized 
electrons.
37
 
The mixed results of past research seem to indicate that many factors contribute to the 
sensitivity of chiral molecules to beta decay: the phase the material, electronic environment, 
reactivity, temperature, and substituents on molecules. To date no one has performed PALS 
analysis on well-organized chiral organic crystalline enantiomorphs but there are reasons to 
believe that this route may hold promise over the gas, solid, and liquid phases utilized by 
previous researchers. 
Crystallography presents a diverse array of possibilities when it comes to chiral 
structures. In general a crystal structure could conceivably display at least three different 
levels of chirality in a uniform crystalline structure: the first being in range of 0.1-05 nm 
where the individual molecular chiral centers that make up the crystal reside, second in the 
0.5-5 nm range where arrangements of those molecules make up individual units in a crystal 
point group, and third in the 1-100 nm range where areas around the packed space groups 
18 
 
may form regular chiral voids or defects. Recent analysis has revealed that as many as 17% 
of non-biological crystals are incorrectly labeled as having achiral space groups and therefore 
the possibilities for chiral interactions with matter and energy is far more diverse than 
previously thought.
38-39
 
 
1.3.4. Quartz Results 
UMKC‟s Positron Science Lab is running simultaneous PALS experiments with left 
and right handed quartz materials. Initial results show a significant stereorecognition between 
left and right handed quartz samples that were cut along the z-axis. Experiments with x-cut 
quartz samples also appear to be differently recognized in the PALS experiments.  
 
 
 
 
Figure 1.9.  Orientations of left and right handed quartz with directions of x, y, z cuts to be 
made for positron analysis. 
 
 
Left-handed quartz Right-handed quartz 
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Since quartz is such a tightly packed crystal structure with few defects, the Doppler-
broadened linewidth will be quite narrow and a shape (S) parameter analysis is a more 
sensitive and succinct way to display any systematic differences between the left and right 
handed samples (Fig 1.8).
24
 In addition to PALS, Doppler broadening energy spectroscopy 
(DBES) was used in order to obtain the S parameter.   
 
 
 
 
Figure 1.10.  Doppler-broadening energy spectrum profile for fused, RH, and LH quartz 
samples at varied positron implantation energies.
20 
 
1.3.5. Objective of the Thesis 
 The objective of this thesis is to perform experiments to test any difference in the 
interaction between positrons and crystalline chiral organic compounds. The focus is to 
establish for the first time that crystalline organic enantiomorphs exhibit differences under 
positron annihilation lifetime spectroscopy (PALS). Both chiral forms of sodium ammonium 
tartrate and tartaric acid were crystallized using their pure enantiomers and analyzed using 
PALS in this work. 
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CHAPTER 2 
EXPERIMENTAL 
 
2.1. Tartrate Crystallization 
 
 Tartaric acid (TA) (15.0 g, 0.100 mol) was added to DDI water (50 mL) in a 250 mL 
flask with a stir rod. Sodium carbonate (10.6 g, 0.100 mol) was added to the TA soln slowly 
over a five min period to reduce effervescence. Additional TA (15.0 g, 0.100 mol) was added 
until the mixture became a white slurry with thick crust on top. Ammonium hydroxide (28 
mL, 0.22 mol, 28%) was added slowly over a five min period until the mixture dissolved to 
form a sodium ammonium tartrate soln. The soln was stirred an additional thirty min and 
gravity filtered into a 90   50 mm round glass container. Solns were set up to evaporate 
openly in the room, covered by a paper towel. Within five days large crystals (> 4   2 cm) 
formed rapidly after initial nucleation. The procedure was completed for both the L- and D-
tartrate salt enantiomers.  
 
2.2. Tartaric Acid Crystallization 
 
 Tartaric acid (TA) (50.0 g, 0.333 mol), DDI water (50 mL), and acetone (50 mL) was 
added to a 250 mL flask and covered with Parafilm
®
. The clear light-yellow soln was heated 
to approximately 60 ⁰C with a stir bar for 12-24 hrs. The soln was gravity filtered into a 90   
50 mm round glass container and covered with a watch glass. Seed crystals that were grown 
from the first batch of mother liquor usually consisted of many nucleation sites and twinning. 
22 
 
A single small crystal that appeared defect-free was broken off, cleaned in a small bowl of 
DDI water and placed in a new, freshly filtered soln of saturated TA. Solns that dissolved the 
seed crystal were left open in the air to evaporate for 12-24 h before attempting to seed again. 
Once crystal growth took hold, crystals took approximately three to six weeks to grow to an 
adequate size for PALS characterization (>10 mm
2
 on at least one face).  
 
 
 
Figure 2.1.  An example of a sodium ammonium tartrate crystal used in this study. The 
dimensions are approximately 3   2   1.5 cm. 
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2.3. Preparation of Sample for PALS 
 
 All crystals had were analyzed with a sealed positron source of 
22
Na in Kapton
®
 film, 
followed by analysis via the direct deposit of an aqueous soln of 
22
NaCl on the sample. A 
non-destructive technique was conducted first with the sealed Kapton
®
 source sandwiched 
between two crystals of the same enantiomer which were selected from the same batch or 
from a crystal split in half with identical crystal faces sandwiching each side of the Kapton
®
 
sealed source. Samples were wrapped in aluminum foil, sealed in a plastic bag, and placed 
between the two scintillator/PMT detectors to collect PALS spectra. 
 
22Na source in Kapton
 
 
Figure 2.2.  Sealed 
22
Na source in Kapton sandwiched between identical faces of a sodium 
ammonium tartrate or tartaric acid crystal. 
 
 
 
 CAUTION:  Directly deposited radioactive source use is a hazardous procedure 
which potentially exposes the experimenter to aqueous radioactive 
22
NaCl solutions. All 
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manipulations of open source 
22
NaCl were conducted in an approved radioactive fume hood, 
and all resulting samples were at least doubly contained. Calculations were done to estimate 
the radioactivity remaining in a stock aq 
22
NaCl soln based on the half-life of the source. 
Deposits on crystals were calibrated with a standard by comparing count rates at 12 inches 
with a Geiger-Muller counter. A microsyringe was used to deposit drops of the aq 
22
NaCl 
soln on crystal faces until approximately 40-70 μCi were detected via comparison to a known 
Bi-207 sealed source. The droplets on crystal were dried under an incandescent lamp (5 cm), 
and an identical crystal face was placed over the deposited surface to sandwich the centered 
22
Na source. Samples were wrapped in aluminum foil and sealed in a plastic bag for PALS 
analysis. All samples had PALS spectra recorded in ambient conditions. 
 
 
2.4. Positron Annihilation Lifetime Spectroscopy (PALS) 
 
Positrons sourced from radioisotopes are produced from the β+ decay of a proton into 
a neutron, positron, and electron neutrino. This experiment uses 
22
Na as its positron source 
because of its relatively long half-life (2.60 y) and availability. The 1.274 MeV gamma 
released upon decay is used as a start signal on a „clock‟ that determines the „lifetime‟ of a 
positron in a material (Fig 2.3). When a positron annihilates with an electron in a two-photon 
emission, the 1022 keV rest mass energy is released as two 511 keV gamma rays; one of 
these photons is registered as a stop signal (Fig 1.5). 
The signal processing associated with the start and stop signals is handled by a 
completely analog system which requires only a source to operate (Fig 2.4). A high voltage 
25 
 
supply is used to power two or more photomultiplier tubes (PMT) which feed into constant 
fraction discriminators (CFD). The CFD detects the rise time of a PMT signal which is 
associated with a specific energy range and amplitude of incident gamma ray photons. The 
CFD eliminates errors associated with walk-time or threshold triggering (Fig 2.5). One CFD 
is assigned to the energy range of the start signal photon (1.274 MeV) and the other one of 
the stop signal photons (511 keV). A time-to-amplitude converter (TAC) generates a signal 
which is proportional to the delay between start and stop signals. Pulses generated by the 
TAC that exceed a certain amplitude (time) are ignored to ensure that non-coincident events 
are not recorded (>100 ns). A multichannel analyzer (MCA) is used to construct a histogram 
of distributed lifetimes from the TAC which is gathered by the CPU and stored for later 
analysis. 
 
 
 
Figure 2.3.  90.6% of β+ decay results in the emission of a positron & 9.4% in electron 
capture. Release of a positron coincides with the release of a 1.274 MeV gamma ray photon. 
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Figure 2.4. Outline of PALS gamma spectrophotometer in the Positron Science Laboratory at 
UMKC. 
 
 
 
 
 
Figure 2.5.  CFDs (right) reduce error by triggering on rise time (slope) instead of an absolute 
threshold value (left). 
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2.5. Data Analysis 
 
The electronics capture the time intervals between start and stop signals and records 
them as a histogram. These timed annihilation events have statistical distributions which 
express themselves as a series or superimposition of decaying exponentials when multiple Ps 
lifetimes are present. These lifetimes are sorted into bins that have a width (49.5 ps) related 
to the calibration of the system (channel resolution of ~300 ps). These overlapping one-sided 
Gaussian decaying exponentials are separated by an iterative statistical process and then 
fitted with a least-squares analysis to find the lifetime components. Any constraints such as 
correction factors or fixed lifetimes and intensities are included in an analysis.  
Lifetimes may be visually estimated as linear fitted lines on a graph of summed 
exponentials or deconvoluted using various computational methods into their component 
lifetimes with areas under the curves representing intensities (Figs 2.6-2.7).  
ORTEC‟s Maestro® program records the amount of hits in each bin and stores the raw 
data in a file for analysis in PATFIT.
40
 The raw data is converted to another file readable by 
the analysis software executable program. Parameters such as source correction factors for 
Kapton
®
 (10% intensity) and fixed lifetimes (τ = 380 ps) are defined in a resolution file and 
calculated with a separate executable program. Resolution of the full width half maximum 
(FWHM), intensities (%), and function shifts (ns) are recorded for each data set with an 
average calculated for the PATFIT software to utilize across similar samples. These 
parameters and averages are input into the Positron Lifetime Analysis System (PLTAS) 
software with the final calculated lifetimes and intensities captured by an Excel spreadsheet. 
28 
 
  
 
Figure 2.6. A sample spectrum of a sodium ammonium tartrate Ps lifetimes fitted 
using PATFIT. Channels are divided into bins of 49.5 ps. 
 
 
 
 
 
 
 
Figure 2.7.  PALS spectra separated into lifetime components. 
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Figure 2.8.  PLTAS software utilized to run analysis on lifetimes. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
 
 The raw output data of the PALS software analysis is contained in the Appendix, 
Tables A1 through A6. Lifetimes for τ₁, τ₂, τ₃, and their respective intensities and errors were 
averaged. The τ₂ and I₂ values were primarily used for the following analysis. Calculations 
were repeated for fixed (constrained) and guessed values of τ₁ in order to do side-by-side 
comparisons. 
 Lifetimes associated with the prompt peak (τ₁) are not useful for interpretation since 
they consist of contributions from para-Ps and some direct annihilation events. Direct 
surface and p-Ps annihilation lifetimes are approximately 125 ps or less. Due to the 
limitations of the resolution in the system and the slight variations in time that it takes 
positrons to travel into a sample and thermalize (Doppler broadening), isolating useful 
information from lifetimes that are less than 100 ps is not feasible. For this reason τ₁ values 
were fixed at 125 ps. One effect of constraining τ₁ lifetimes is the increased error in τ₂ and τ₃ 
and their corresponding intensities. However, this is most likely the best estimation of the 
actual values of the o-Ps lifetimes because of the lack of resolution in the direct and p-Ps 
annihilations. 
 The shortest ortho-Ps lifetime is associated with τ₂ and originates from “free 
annihilation” interactions in the lattice or matrix. These are the smallest places that positrons 
can inhabit when thermalizing into the bulk of a material. These smaller structures are 
31 
 
typically associated with well defined, repeating features of a lattice and would therefore be a 
reasonable location to look for asymmetry under PALS. 
 Longer lifetimes (τ₃) are associated with larger defects and can be irregular in shape 
and therefore may or may not contain any useful information about the chiral environment of 
the lattice structure.  
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3.1. Sodium Ammonium Tartrate 
3.1.1. Sealed Source 
Table 1.  Mean lifetimes (  ) and intensities (  ) of D- and L- sodium ammonium tartrate 
crystal samples in air with 
22
Na source sealed in Kapton
®
. 
Samples Ave τ₂ (ns) Ave I₂ (%) Ave τ₃ (ns) Ave I₃ (%) 
L-Tartrate (Fixed τ₁) 0.76 ± 0.02 12.2 ± 0.8 1.41 ± 0.15 2.3 ± 0.8 
D-Tartrate (Fixed τ₁) 0.56 ± 0.02 13.1 ± 0.8 1.07 ± 0.03 8.6 ± 0.9 
     
L-Tartrate (Guessed τ₁) 0.39 ± 0.03 5.7 ± 0.3 0.99 ± 0.01 9.3 ± 0.3 
D-Tartrate (Guessed τ₁) 0.36 ± 0.02 11.5 ± 0.4 0.96 ± 0.01 12.6 ± 0.4 
 
 
  
 
Figure 3.1.  Positron lifetimes (  ) of D- vs L- sodium ammonium tartrate crystal samples in 
air with 
22
Na source sealed in Kapton
®
. Error bars set at two standard deviations. 
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Figure 3.2.  Positron Intensities (  ) of D- vs L- sodium ammonium tartrate crystal samples in 
Air with 
22
Na source sealed in Kapton
®
. Error bars set at two standard deviations. 
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3.1.2. Open Source 
Table 2.  Mean lifetimes (  ) and intensities (  ) of D- and L- sodium ammonium tartrate 
crystal samples in air with direct deposit 
22
Na source. 
 
Samples Ave τ₂ (ns) Ave I₂ (%) Ave τ₃ (ns) Ave I₃ (%) 
L-Tartrate (Fixed τ₁) 0.54 ± 0.04 9.8 ± 1.3 0.97 ± 0.04 8.5 ± 1.4 
D-Tartrate (Fixed τ₁) 0.73 ± 0.02 10.4 ± 0.6 1.40 ± 0.23 1.2 ± 0.7 
    
 L-Tartrate (Guessed τ₁) 0.45 ± 0.03 9.2 ± 0.6 0.93 ± 0.02 9.7 ± 0.8 
D-Tartrate (Guessed τ₁) 0.43 ± 0.02 7.2 ± 0.4 0.95 ± 0.02 6.4 ± 0.5 
 
 
  
Figure 3.3.  Positron lifetimes (  ) of D- vs L- sodium ammonium tartrate crystal samples in 
air with direct deposit 
22
Na source. Error bars set at two standard deviations. 
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Figure 3.4.  Positron Intensities (  ) of D- vs L- sodium ammonium tartrate crystal samples in 
Air with direct deposit 
22
Na source. Error bars set at two standard deviations. 
 
 
  
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
M
ea
n
 τ
₂ 
In
te
n
si
ti
es
 (
%
) 
Fixed τ₁ (125 ps, left)  vs Guessed τ₁ (right) 
L-Tartrate (F)
D-Tartrate (F)
L-Tartrate (G)
D-Tartrate (G)
L 
L D 
D 
36 
 
Tables 1-2 and Figures 3.1 through 3.5 show average values τ₂ and I2 for D- and L-
sodium ammonium tartrate enantiomeric crystals prepared with a Kapton sealed 
22
Na source 
over approximately 24 h with direct deposit 
22
NaCl source prepared within 1-2 days. 
Averages were taken from five to six sequential acquisitions consisting of two million counts 
each (Tables A1 and A2). In each set of experiments data was analyzed with a free and fixed 
(0.125 ns) τ₁ lifetime which is characteristic of direct and p-Ps annihilation times. Average 
lifetimes and intensities plotted in figures were given error bars of two standard deviations 
because they were larger than the average of the data set errors and demonstrate how distinct 
D- and L- values are from each other. Some data sets were removed because of erroneous 
results that either deviated significantly from the other samples or gave errors when software 
attempted to make calculations. 
A correlation between the increased lifetime of τ₂ and decreased intensity I2 of the L-
tartrate enantiomers compared to the D- is present across sealed source measurements (Figs. 
3.1-3.2). It is notable that the statistical distinction between L- and D- fixed τ₁ pairs changes 
between their respective lifetimes and intensities:  while lifetimes + errors for the fixed L- 
and D- are distinct in Fig. 3.1, the errors in their intensities overlap substantially in Fig. 3.2. 
The opposite is true for the guessed values. One reason for this is the isolation of the τ₂ 
lifetimes by constraining the τ₁ to 125 ps. The software will attempt to find the best fit for all 
three lifetimes but fixing one will shift and distort the lifetimes and intensities of data sets 
where the τ₁ values differ more significantly than their guessed values. In effect, gaining 
precision in one measurement loses it in another. This also means that fixing τ₁ may be a 
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better measurement of the lifetimes while a guessed τ₁ will give a more accurate 
measurement of I₂. 
 Results for the direct deposit source are mixed. A large but opposite difference can be 
seen in lifetimes of fixed τ₁ in Fig. 3.3 compared to Fig. 3.1. Fig. 3.5 shows a larger error in 
the L-tartrates over the D-, suggesting that there are some quality issues with the crystal or 
there was an issue with the way in which the source deposited onto the crystal‟s surface. 
There are number of possible sources of error with the sodium ammonium tartrate 
crystals. The tartrates tended to crystallize quickly (1-5 days) relative to acids (3-6 weeks) 
which is a concern because defects tend to be more common in faster crystallizations. The 
higher I₃ values seem to indicate that the L-tartrates have more large defects which may 
disrupt the organization of the smaller, more orderly voids associated with τ₂ and I₂. Since 
quality of the crystal(s) are in question it could also imply that the surface structure of the 
crystal is not isotropic and a source placed at one point will not give the same results as one 
placed at another. The possibility of direct deposit disrupting the surface organization of the 
crystal is also of concern because the direct deposit is done with a solution of 
22
NaCl in DDI 
water. The crystals are highly soluble in water which would imply some amount of 
disorganization on the top layer of crystal structure by the evaporating water. Technique used 
in deposition of the solution sometimes involved successive additions of droplets and drying 
under an incandescent lamp to obtain an ideal radioactivity which implies the surface could 
become further disorganized with each subsequent deposit and drying. The fact that the 
errors associated with the closed source did not match with the open source might imply that 
the direct deposit technique is to blame. 
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Another possibility is damage received from the exposure to beta and gamma 
radiation over a 2-5 day period but this seems unlikely. Kalev, et al. experimented with 
significantly higher levels of gamma irradiation of Rochelle salts (potassium sodium tartrate) 
but only found a small change in lifetimes
 
(Table 3).
41
 It should be noted that this is the only 
study with lifetimes of a tartaric acid salt crystals and that the difference in lifetimes 
compared to the present work are likely due to the replacement of the ammonium ion with 
potassium. 
 
 
 
Table 3.  Positron lifetimes of gamma irradiated Rochelle salt.
41
 
 
Dose [Mrad] I₁ [%] τ₂ [ps] I₂  [%] τ₃ [ps] I₃  [%] 
0 13.8±0.12 259±2.2 44.8±0.5 853.1±4 41.4±0.4 
0.5 13.4±0.12 258±2.2 46.4±0.5 855.2±4 40.2±0.4 
1 12.9±0.12 261±2.1 48.2±0.5 858.6±4 38.8±0.4 
1.5 12.8±0.12 265±2.2 48.8±0.5 855.3±4 38.4±0.4 
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3.2. Tartaric Acid 
 
3.2.1. Sealed Source 
 Tartaric acids were treated and analyzed the same way as the tartrates. Tables 4-5 and 
Figures 3.6-3.9 display the data collected for sealed and open sources with fixed and free τ₁. 
Tables A3-4 include data sets for which averages were calculated. 
 
Table 4.  Mean lifetimes (  ) and intensities (  ) of D- and L- tartaric acid crystal samples in 
air with 
22
Na source sealed in Kapton
®
. 
 
Samples Ave τ₂ (ns) Ave I₂ (%) Ave τ₃ (ns) Ave I₃ (%) 
L-Tartaric Acid (Fixed τ₁) 0.425 ± 0.020 10.2 ± 0.4 0.99 ± 0.01 11.6 ± 0.5 
D-Tartaric Acid (Fixed τ₁) 0.313 ± 0.002 41.5 ± 0.4 1.83 ± 0.40 0.11 ± 0.03 
   
  L-Tartaric Acid (Guessed τ₁) 0.361 ± 0.020 10.9 ± 0.5 0.98 ± 0.01 11.6 ± 0.4 
D-Tartaric Acid (Guessed τ₁) 0.302 ± 0.003 42.3 ± 0.7 1.74 ± 0.34 0.13 ± 0.03 
 
  
40 
 
 
 
 
  
 
Figure 3.5.  Positron lifetimes (  ) of D- vs L-tartaric acid crystal samples in air with 
22
Na 
source sealed in Kapton
®
. Error bars set at two standard deviations. 
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Figure 3.6.  Positron Intensities (  ) of D- vs L-tartaric acid crystal samples in air with 
22
Na 
source sealed in Kapton
®
. Error bars set at two standard deviations. 
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3.2.2. Open Source 
Table 5. Mean lifetimes (  ) and intensities (  ) of D- and L- tartaric acid crystal samples in 
air with direct deposit 
22
Na source. 
 
Samples Ave τ₂ (ns) Ave I₂ (%) Ave τ₃ (ns) Ave I₃ (%) 
L-Tartaric Acid (Fixed τ₁) 0.443 ± 0.009 20.6 ± 0.3 1.04 ± 0.02 9.8 ± 0.4 
D-Tartaric Acid (Fixed τ₁) 0.335 ± 0.002 34.9 ± 0.3 2.4 ± 0.7 0.09 ± 0.02 
   
  L-Tartaric Acid (Guessed τ₁) 0.376 ± 0.009 21.7 ± 0.3 0.99 ± 0.01 11.1 ± 0.4 
D-Tartaric Acid (Guessed τ₁) 0.336 ± 0.003 34.3 ± 0.7 2.5 ± 0.8 0.09 ± 0.03 
 
 
 
  
 
Figure 3.7.  Positron lifetimes (  ) of D- vs L-tartaric acid crystal samples in air with direct 
deposit 
22
Na source. Error bars set at two deviations. 
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Figure 3.8.  Positron Intensities (  ) of D- vs L-tartaric acid crystal samples in Air with direct 
deposit 
22
Na source. Error bars set at two standard deviations. 
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Lifetimes and intensities in the tartaric acid data sets are distinct and consistent 
throughout the sealed and direct deposited source values and errors. Lifetimes are higher and 
intensities lower for the L- enantiomer. There is still however a question of validity due to 
large voids contributing to the L-TA:  τ₃ lifetimes for the L-TA were approximately 1 ns 
while the D-TA were much higher, ranging from 1.8-2.4 ns. I₃ was almost nonexistent in the 
D-tartaric acid indicating that its structure was perhaps more ordered and defect-free. This 
could be due to improvements in crystallization technique as well as other factors such as 
humidity which had an effect on evaporation rates in the lab.  
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3.2.3. Open Source #2 
A second set of experiments were conducted in hopes of eliminating large defects (τ₃) 
and isolating the differences between the τ₂ lifetimes. A new set of L- and D-tartaric acid 
crystals were grown simultaneously and tested within a day of each other. 
 
Table 6. Mean lifetimes (  ) and intensities (  ) of a second set of D- and L- tartaric 
acid crystal samples in air with direct deposit 
22
Na source. 
 
Samples Ave τ₂ (ns) Ave I₂ (%) Ave τ₃ (ns) Ave I₃ (%) 
L-Tartaric Acid #2 (Fixed τ₁) 0.345 ± 0.002 70 ± 2 1.83 ± 0.05 3.8 ± 0.1 
D-Tartaric Acid #2 (Fixed τ₁) 0.328 ± 0.005 69 ± 3 1.81 ± 0.17 1.3 ± 0.2 
   
  L-Tartaric Acid #2 (Guessed τ₁) 0.377 ± 0.015 55 ± 7 1.91 ± 0.08 3.6 ± 0.2 
D-Tartaric Acid #2 (Guessed τ₁) 0.334 ± 0.013 66 ± 7 1.91 ± 0.13 1.2 ± 0.1 
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Figure 3.9.  Positron lifetimes (  ) of a second set of D- and L-tartaric acid crystal samples in 
air with direct deposit 
22
Na source. Error bars set at two standard deviations. 
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Figure 3.10.  Positron Intensities (  ) of D- vs L-tartaric acid crystal samples in Air with 
direct deposit 
22
Na source. Error bars set at two standard deviations. 
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CHAPTER 4 
CONCLUSIONS 
 
 It is apparent that strict crystallization conditions need to be met for further 
experiments. Ideally, evaporation in a temperature and humidity controlled chamber with 
new stocks of tartaric acid enantiomers would be done side by side with at least two different 
faces of each crystal tested for differences in lifetimes. An anhydrous crystal would be 
preferred in order to eliminate concerns that additional hydration in the crystal structure 
would lead to interference via quenching of positronium.
42-43
 Quenching is a process where 
positron lifetimes are reduced due to a higher amount of free radicals or lone pair electrons in 
the environment. A small amount of aqueous solvent left over in voids from crystallization 
could affect lifetimes via quenching. The conditions necessary for anhydrous crystallizations 
were not feasible because solubility of tartaric acid is considerably higher in water than any 
other solvent, eliminating many alternative routes. A sealed source will have to be shifted 
around on a sample several times with a spectrum taken each time to validate that the crystal 
surface and any defects present are isotropic.  
 The second set of direct deposit tartaric acid exhibited similar trends in the τ₂ lifetime 
but with τ₃ and I3 values that were statistically indistinguishable from each other. Although 
the I2 values had larger margin of errors, the τ₂ remained statistically significant. This could 
mean that the amount of defects in the crystal structure has a limited effect on the lifetime of 
49 
 
the positron in the lattice and that the previous data sets were still significant despite their 
differences. 
 This trend of longer lifetimes of positrons within L- organic enantiomers is observed 
but a mechanism is still unknown. The differences between lifetimes is approximately 5%, 
the same value claimed in the paper discussing spin-resolved mapping of di-azido copper 
crystal complexes.
32
 A future experiment with polarized positrons of both polarities and the 
copper complex could perhaps verify that the interaction may be due to the retraction of up-
spin electrons in the crystal lattice. 
 
This overall trend of a longer positron lifetime within the L-enantiomer of the acid is 
displayed in Figure 4.1. Large defects in the tartrates due to early and more complicated 
crystallization techniques combined with higher solubility of the ionic crystal mask any 
asymmetric interactions between positrons and the chiral salt crystal. The sealed source data 
sets also gave larger errors. Both of the sets of direct deposit tartaric acid crystals exhibit 
significant difference in both their fixed and guessed calculations for the asymmetric 
interaction.  
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Figure 4.1.  Data showing lifetimes of L- enantiomer relative to their respective D- 
enantiomers (dashed midline at 0) of both salts (left) and acids (right), from left (top) to right 
(bottom) on legend. Red and blue error bars are two standard deviations. 
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Table A1.  PALS data for L- and D-sodium ammonium tartrate crystals:  sealed 
22
Na source in Kapton
®
 with guessed and fixed τ₁ (0.125 ns). 
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Table A2.  PALS data for L- and D-sodium ammonium tartrate crystals:  direct 
deposit 
22
Na source with guessed and fixed τ₁ (0.125 ns). 
54 
 
  
S
am
p
le
t1
 (
n
s)
Δ
t1
 (
n
s)
t2
 (
n
s)
Δ
t2
 (
n
s)
t3
 (
n
s)
Δ
t3
 (
n
s)
I1
 (
%
)
Δ
I1
 (
%
)
I2
 (
%
)
Δ
I2
 (
%
)
I3
 (
%
)
Δ
I3
 (
%
)
V
ar
.
C
h
i-
S
q
.
B
K
T
o
 G
C
3
5
C
1
0
0
0
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.3
5
0
7
0
.0
1
7
0
0
.9
5
0
2
0
.0
0
9
8
7
6
.0
6
3
1
0
.4
7
6
8
1
0
.5
1
3
3
0
.3
3
8
3
1
3
.4
2
3
6
0
.3
6
5
8
1
.1
4
9
0
1
8
4
1
3
6
.6
1
1
9
8
.4
7
 G
C
3
5
C
1
0
0
3
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.4
3
0
0
0
.0
1
8
7
1
.0
1
1
9
0
.0
1
4
7
7
8
.3
0
8
1
0
.3
0
5
5
1
0
.5
3
0
5
0
.3
4
7
8
1
1
.1
6
1
5
0
.4
8
2
7
1
.1
5
6
0
1
8
5
1
3
5
.8
2
1
9
8
.4
4
 G
C
3
5
C
1
0
0
4
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.4
8
0
8
0
.0
2
0
4
1
.0
4
1
3
0
.0
1
9
3
7
9
.1
1
0
9
0
.2
4
8
6
1
0
.8
0
9
5
0
.4
6
7
4
1
0
.0
7
9
6
0
.6
0
3
3
1
.1
3
5
0
1
8
1
9
3
6
.3
2
1
9
8
.4
3
 G
C
3
5
C
1
0
0
5
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.4
1
5
3
0
.0
2
1
8
0
.9
6
9
7
0
.0
1
3
7
7
8
.4
9
4
7
0
.3
3
3
2
9
.3
3
4
6
0
.3
6
8
9
1
2
.1
7
0
7
0
.5
1
8
5
1
.0
1
4
0
1
6
2
4
3
7
.0
8
1
9
8
.3
9
 G
C
3
5
C
1
0
0
6
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.4
4
6
7
0
.0
2
1
7
0
.9
9
6
7
0
.0
1
6
3
7
9
.0
5
2
2
0
.2
8
7
2
9
.8
0
9
9
0
.4
2
4
3
1
1
.1
3
7
9
0
.5
7
2
6
1
.1
4
6
0
1
8
3
6
3
6
.7
9
1
9
8
.3
9
0
.4
2
4
7
0
.0
1
9
9
0
.9
9
4
0
0
.0
1
4
8
7
8
.2
0
5
8
0
.3
3
0
3
1
0
.1
9
9
6
0
.3
8
9
3
1
1
.5
9
4
7
0
.5
0
8
6
 G
C
0
3
D
1
0
0
0
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.3
0
1
2
0
.0
0
1
6
1
.3
9
5
8
0
.2
3
0
6
5
1
.9
0
6
5
0
.4
8
8
9
4
7
.9
2
7
9
0
.4
6
7
7
0
.1
6
5
6
0
.0
4
4
4
1
.1
4
9
0
1
8
4
0
2
0
.2
3
1
9
8
.9
0
 G
C
0
3
D
1
0
0
1
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.3
0
3
3
0
.0
0
1
6
1
.4
8
6
0
0
.2
6
2
2
5
4
.1
1
0
1
0
.4
6
8
6
4
5
.7
4
6
2
0
.4
5
0
7
0
.1
4
3
7
0
.0
3
8
6
1
.1
3
6
0
1
8
1
9
2
0
.2
6
1
9
8
.8
2
 G
C
0
3
D
1
0
0
2
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.3
2
1
2
0
.0
0
1
6
2
.1
7
2
8
0
.4
5
3
9
6
2
.8
9
5
7
0
.3
6
2
3
3
7
.0
1
7
2
0
.3
5
5
0
0
.0
8
7
1
0
.0
1
8
7
1
.0
4
9
0
1
6
8
1
1
9
.8
6
1
9
9
.2
3
 G
C
0
3
D
1
0
0
3
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
2
5
0
0
.3
2
5
3
0
.0
0
1
7
2
.2
8
1
3
0
.6
5
3
2
6
4
.6
0
1
6
0
.3
4
4
3
3
5
.3
3
7
2
0
.3
3
7
8
0
.0
6
1
2
0
.0
1
7
0
1
.1
1
1
0
1
7
8
0
2
0
.1
8
1
9
9
.4
3
0
.3
1
2
8
0
.0
0
1
6
1
.8
3
4
0
0
.4
0
0
0
5
8
.3
7
8
5
0
.4
1
6
0
4
1
.5
0
7
1
0
.4
0
2
8
0
.1
1
4
4
0
.0
2
9
7
 G
C
3
5
C
1
0
0
0
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
8
1
4
0
.0
0
1
8
0
.3
4
3
1
0
.0
2
0
5
0
.9
6
3
3
0
.0
1
0
8
7
6
.6
8
7
7
0
.7
3
1
6
1
0
.9
4
2
6
0
.5
2
9
3
1
2
.3
6
9
7
0
.3
6
2
3
1
.0
3
6
0
1
6
5
9
3
6
.6
1
1
9
8
.6
8
 G
C
3
5
C
1
0
0
3
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
8
0
2
0
.0
0
1
6
0
.3
6
8
9
0
.0
1
9
4
0
.9
9
9
9
0
.0
1
2
4
7
7
.7
4
0
8
0
.5
8
0
7
1
1
.0
5
5
1
0
.4
0
1
7
1
1
.2
0
4
1
0
.3
6
9
8
1
.0
5
3
0
1
6
8
6
3
5
.8
2
1
9
8
.6
6
 G
C
3
5
C
1
0
0
4
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
7
9
9
0
.0
0
1
5
0
.3
9
2
7
0
.0
2
0
3
1
.0
1
0
3
0
.0
1
3
9
7
8
.3
3
8
7
0
.4
9
7
7
1
0
.8
2
2
1
0
.3
4
3
0
1
0
.8
3
9
2
0
.4
1
4
2
1
.0
5
9
0
1
6
9
6
3
6
.3
2
1
9
8
.6
5
 G
C
3
5
C
1
0
0
5
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
7
4
0
0
.0
0
2
0
0
.3
0
8
9
0
.0
1
7
7
0
.9
5
0
3
0
.0
0
9
3
7
5
.8
4
0
6
0
.8
3
5
1
1
1
.6
8
2
4
0
.6
5
9
4
1
2
.4
7
7
0
0
.2
9
4
7
0
.9
4
7
0
1
5
1
6
3
7
.0
8
1
9
8
.6
7
 G
C
3
5
C
1
0
0
6
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
8
2
3
0
.0
0
1
5
0
.3
8
8
9
0
.0
2
3
2
0
.9
8
5
1
0
.0
1
3
8
7
8
.8
5
2
6
0
.5
3
7
2
9
.9
4
8
4
0
.3
6
5
4
1
1
.1
9
9
0
0
.4
4
5
9
1
.0
3
7
0
1
6
6
0
3
6
.7
9
1
9
8
.5
9
A
v
er
ag
es
0
.0
7
9
6
0
.0
0
1
7
0
.3
6
0
5
0
.0
2
0
2
0
.9
8
1
8
0
.0
1
2
0
7
7
.4
9
2
1
0
.6
3
6
5
1
0
.8
9
0
1
0
.4
5
9
8
1
1
.6
1
7
8
0
.3
7
7
4
 G
C
0
3
D
1
0
0
0
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
1
3
8
0
.0
0
2
2
0
.3
0
7
5
0
.0
0
2
6
2
.0
1
7
8
0
.4
4
2
1
5
6
.5
2
5
9
0
.8
8
8
7
4
3
.3
8
3
4
0
.8
7
7
2
0
.0
9
0
7
0
.0
2
2
4
1
.1
0
3
0
1
7
6
7
2
0
.2
3
1
9
8
.0
4
 G
C
0
3
D
1
0
0
1
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.1
1
2
7
0
.0
0
2
1
0
.3
0
8
5
0
.0
0
2
6
2
.1
3
2
7
0
.4
8
6
5
5
8
.0
6
1
3
0
.8
4
6
9
4
1
.8
5
5
5
0
.8
3
6
8
0
.0
8
3
2
0
.0
2
0
1
1
.0
8
8
0
1
7
4
2
2
0
.2
6
1
9
7
.9
6
 G
C
0
3
D
1
0
0
2
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
8
6
6
0
.0
0
1
9
0
.2
9
7
1
0
.0
0
2
3
1
.4
7
5
1
0
.2
2
2
0
5
7
.7
5
2
8
0
.6
1
2
3
4
2
.0
7
3
2
0
.5
9
0
2
0
.1
7
4
1
0
.0
4
0
3
1
.0
2
3
0
1
6
3
8
1
9
.8
6
1
9
8
.5
5
 G
C
0
3
D
1
0
0
3
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
0
.0
8
1
2
0
.0
0
1
9
0
.2
9
5
2
0
.0
0
2
3
1
.3
2
5
4
0
.2
2
3
6
5
8
.0
2
4
5
0
.5
7
4
6
4
1
.8
0
0
3
0
.5
4
6
2
0
.1
7
5
2
0
.0
5
0
5
1
.0
5
2
0
1
6
8
4
2
0
.1
8
1
9
8
.7
9
A
v
er
ag
es
0
.0
9
8
6
0
.0
0
2
0
0
.3
0
2
1
0
.0
0
2
5
1
.7
3
7
8
0
.3
4
3
5
5
7
.5
9
1
1
0
.7
3
0
6
4
2
.2
7
8
1
0
.7
1
2
6
0
.1
3
0
8
0
.0
3
3
3
A
v
er
ag
es
A
v
er
ag
es
L-TA
Closed Source
Fixed tau 1
D-TA
Closed Source
Fixed tau 1
L-TA
Closed Source
Guess tau 1
D-TA
Closed Source
Guess tau 1
Table A3.  PALS data for L- and D-tartaric acid crystals:  sealed 
22
Na source in 
Kapton
®
 with guessed and fixed τ₁ (0.125 ns). 
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Table A4.  PALS data for L- and D-tartaric acid crystals: direct deposit 
22
Na 
source with guessed and fixed τ₁ (0.125 ns). 
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Table A5.  PALS data for second set of L- and D-tartaric acid crystals:  sealed 
22
Na source in Kapton
®
 with guessed and fixed τ₁ (0.125 ns). 
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Table A6.  PALS data for second set of L- and D-tartaric acid crystals: direct 
deposit 
22Na source with guessed and fixed τ₁ (0.125 ns). 
58 
 
REFERENCES 
 
1. Starosta, K.; Koike, T.; Chiara, C. J.; Fossan, D. B.; LaFosse, D. R.; Hecht, A. A.; 
Beausang, C.W.; Caprio, M. A.; Cooper, J. R.; Krucken, R.; Novak, J. R.; Zamfir, N. 
V.; Zyromski, K. E.; Hartley, D. J.; Balabanski, D. L.; Zhang, J. Y.; Frauendorf, S.; 
Dimitrov, V. I. Chiral Doublet Structures in Odd-odd N=75 Isotones. Chiral Vibrations. 
Phys. Rev. Lett. 2001, 86, 971-974. 
2. Xiaoguang, W.; Lielin, W.; Lihua, Z.; Guangsheng, L.; Xin, H.; Yun, Z.; Chuangye, H.; 
Xueqin, L.; Bo, P. Test of Chirality in Nucleus 
130
Cs. Plasma Sci. Technol. 2012, 14, 
526-527. 
3. Pasteur, L. Mémoire sur la Relation qui Peut Exister entre la Formecrystalline et la 
Composition Chimique, et sur la Cause de la Polarisation Rotatoire. C. R. Acad. Sci. 
1848, 26, 538-538. 
4. Flack, H. D. Louis Pasteur‟s discovery of molecular chirality and spontaneous 
resolution in 1848, together with a complete review of his crystallographic and 
chemical work. Acta Cryst. 2009, A65, 371-389. 
5. Rentsch, K. M. The Importance of Stereoselective Determination of Drugs in the 
Clinical Laboratory, J. Biochem. Bioph. Meth. 2002, 54(1-3), 1-9. 
6. Browne, W. R.; Feringa, B. L. Making Molecular Machines Work. Nat. Nanotechnol. 
2006, 1, 25-35. 
7. Engel, M. H.; Macko, S. A. Isotopic Evidence for Extraterrestrial non-Racemic Amino 
Acids in the Murchison Meteorite. Nature, 1997, 389, 265-268. 
8. Gidley, D. W.; Rich, A.; Van House, J. β Decay and the Origins of Biological Chirality: 
Experimental Results. Nature. 1982, 297, 639-643. 
9. Hegstrom, R. A. β Decay and the Origins of Biological Chirality: Theoretical Results. 
Nature. 1982, 297, 643-647. 
10. Bonner, W. A. Origins of Chiral Homogeneity in Nature. Top. Stereochem. 1988, 18, 1-
96. 
11. Quack, M.; Stohner, J.; Willeke, M. High-Resolution Spectroscopic Studies and Theory 
of Parity Violation in Chiral Molecules. Annu. Rev. Phys. Chem. 2008, 59, 741-769. 
12. Bast, R.; Koers, A.; Gomes, A. S. P.; Ilias, M.; Visscher, L.; Schwerdtfeger, P.; Saue, 
T. Analysis of Parity Violation in Chiral Molecules. Phys. Chem. Chem. Phys. 2011, 
13, 865-876. 
59 
 
13. Martin Britto Dhas, S. A.; Suresh, M.; Bhagavannarayana, G.; Natarajan, S. Growth 
and Characterization of L-Tartaric acid, an NLO Material. J. Cryst. Growth. 2007, 309, 
48-52. 
14. Linet, M. J.; Das, S. J. Optical, Mechanical and Transport Properties of Unidirectional 
Grown L-Tartaric Acid Bulk Single Crystal for Non-Linear Optical Application. Mater. 
Chem. Phys. 2011, 126, 886-890. 
15. Wang, X.; Dang, L.; Black, S.; Zhang, X.; Wei, H. How to Crystallize Anhydrous 
Racemic Tartaric Acid from an Ethanol-Water Solution. Ind. Eng. Chem. Res. 2012, 51, 
2789-2796. 
16. Jean, Y. C. Positron Annihilation Spectroscopy for Chemical Analysis: A Novel Probe 
for Microstructural Analysis of Polymers. Microchem. J. 1990, 42, 72-102. 
17. Jean, Y. C.; Mallon, P. E.; Shrader, D. M. Principles and Applications of Positron and 
Positronium Chemistry, World Scientific Publishing Co. Pte. Ltd., 2003. 
18. Beringer, R.; Montgomery, C. G. The Angular Distribution of Positron Annihilation 
Radiation. Phys. Rev. 1942, 61, 222-224. 
19. Dirac, P. A. M. Annihilation of Electrons and Protons. Proc. Camb. Phil. Soc. 1933, 26, 
361-375. 
20. MacKenzie, I. K.; Bird, H.; Boulter, J. F. Source of Well-defined Annihilation γ-rays. 
Nucl. Instrum. Methods. 1967, 47, 176-178. 
21. Chen, H.; Van Horn, J. D.; Jean, Y. C. Applications of Positron Annihilation 
Spectroscopy to Life Science. Defect Diffus. Forum 2012, 331, 275-293. 
22. Jean, Y. C.; Van Horn, J. D.; Hung, W.S.; Lee, K. R. Perspective of Positron 
Annihilation Spectroscopy in Polymers. Macromolecules. 2013, 46, 7133-7145. 
23. Van Horn, J. D.; Chen, H.; Jean, Y. C.; Zhang, W.; Jaworowski, M. R.  Depth Profiles 
and Free Volume in Aircraft Primer Films. J. Phys. Conf. Proc. 2015, in press. 
24. Xia, Z.; Trexler, M.; Wu, F.; Jean, Y. C.; Van Horn, J. D. Free-volume Hole Relaxation 
in Molecularly Oriented Glassy Polymers. Phys. Rev. E. 2014, 89, 022603. 
25. Lee, T. D.; Yang, C. N. Question of Parity Conservation in Weak Interactions. Phys. 
Rev. 1956, 104, 254-258. 
26. Wu, C. S.; Ambler, E.; Hayward, R. W.; Hoppes, D. D.; Hudson, R. P. Experimental 
Test of Parity Conservation in Beta Decay. Phys. Rev. 1957, 105, 1413-1415. 
27. Arthur, R. Annihilation of Positrons in D and L Isomers of Various Amino Acids. 
Nature. 1976, 264, 482-483. 
60 
 
28. Walker, D. C. Polarized Bremsstrahlung Not the Source of Optical Activity. Orig. Life. 
1976, 7, 383-387. 
29. Ulbricht, T. L. V.; Vester, F.; Krauch, H. Optical Activity and Parity Violation in β-
Decay. Naturwissenschaften, 1959, 46, 68. 
30. Ulbricht, T. L. V.; Vester, F. Attempts to Induce Optical Activity with Polarized β-
Radiation. Tetrahedron, 1962, 18, 629-637. 
31. Page, L. A.; Heinberg, M. Measurement of the Longitudinal Polarization of Positrons 
Emitted by Sodium-22. Phys. Rev. 1957, 106, 1220-1224. 
32. Deutsch, M.; Gillon, B.; Claiser, N.; Gillet,, J. M.; Lecomte, C.; Souhassou, M. First 
Spin-resolved Electron Distributions in Crystals from Combined Polarized Neutron and 
X-ray Diffraction Experiments. IUCrJ, 2014, 1, 194-199. 
33. Jean, Y. C.; Ache, H. J. Search for Selectivity between Optical Isomers in the 
Interactions of Positrons with Chiral Molecules. J. Phys. Chem. 1977, 81, 1157-1162. 
34. Mahurin, S.; Mcinnis, M.; Bogard, J. S.; Hulett, L. D.; Pagni, R. M. Compton, R. N. 
Effect of Beta Radiation on the Crystallization of Sodium Chlorate From Water: A New 
Type of Asymmetric Synthesis. Chirality. 2001, 13, 636-640. 
35. Sullivan, R.; Conley, N.; Compton, R. N.; Pagni, R. M. The Effect of β-particles on the 
Crystallization of 1,1‟-Binaphthyl and 4,4‟-Dimethylchalcone. Mendeleev. Commun. 
2003, 13, 131-132. 
36. Chiari, L.; Zecca, A.; Girardi, S.; Defant, A.; Wang, F.; Ma, X. G.; Perkins, M.V.; 
Brunger, M.J. Positron Scattering from Chiral Enantiomers. Phys. Rev. A. 2012, 85, 
052711. 
37. Dreiling, J. M.; Gay T. J. Chirally Sensitive Electron-Induced Molecular Breakup and 
the Vester-Ulbricht Hypothesis. Phys. Rev. Lett. 2014, 113, 118103. 
38. Dryzun, C.; Avnir, D. On the Abundance of Chiral Crystals.  Chem. Commun. 2012, 
48, 5874-5876. 
39. Yogev-Einot, D.; Avnir, D. Quantitative Symmetry and Chirality of the Molecular 
Building Blocks of Quartz. Chem. Mater. 2003, 15, 464-472. 
40. Kirkegaard, P.; Pedersen, N. J.; Eldrup, M.; Risoe, M. PATFIT-88: a Data-processing 
System for Positron Annihilation Spectra on Mainframe and Personal Computers, Risoe 
Natl. Lab., 1989, pp. 132. 
41. Kalev, L.; Berovsky, K.; Troev, T. D. Positron Lifetime Study of Gamma Irradiated 
Rochelle Salt. Mater. Sci. Forum. 1997, 255-257, 620-622. 
61 
 
42. Chuang, S. Y.; Tao, S. J. Positron Annihilation in Amino Acids and Proteins. J. Phys. 
Chem. 1974, 78, 1261-1265. 
43. Kobayashi, Y.; Nomizu, T.; Ujihira, Y. Effect of Protonation of Nitrogen-Containing 
Organic Molecules on the Reactivity toward Positronium. J. Am. Chem. Soc. 1979, 
101(3), 537-540. 
62 
 
VITA 
 
 Gerald August Corsiglia was born on October 29, 1985, in Kansas City, Missouri. He 
was educated in local public schools and graduated from Kearney Senior High School in 
2004. He received his Bachelor of Science in Chemistry from the University of Missouri-
Kansas City in 2013. 
 After graduating with his Bachelor‟s degree he began a master‟s program in 
Chemistry at University of Missouri-Kansas City in the fall of 2013. 
